The discovery of ideal spin-1/2 kagome antiferromagnets Herbertsmithite and Zn-doped Barlowite represents a breakthrough in the quest for quantum spin liquids (QSLs), and nuclear magnetic resonance (NMR) spectroscopy plays a prominent role in revealing the quantum paramagnetism in these compounds. However, interpretation of NMR data that is often masked by defects can be controversial. Here, we show that the most significant interaction strength for NMR, i.e. the hyperfine coupling (HFC) strength, can be reasonably reproduced by first-principles calculations for these proposed QSLs . Applying this method to a supercell containing Cu-Zn defects enabled us to map out the variation and distribution of HFC at different nuclear sites. This predictive power is expected to bridge the missing link in the analysis of the low-temperature NMR data.
INTRODUCTION
Quantum spin liquid (QSL) [1] [2] [3] is an emergent quantum phase in solid states that activates several fields of frontier physics, such as quantum magnetism, topological order [4] , and high-temperature superconductivity [5, 6] . For decades, kagome antiferromagnets have been intensively searched and studied as candidates to realize the QSL state [7, 8] . Significant advances have been made, with synthetic Herbertsmithite [Cu 3 Zn(OH) 6 Cl 2 ] as a prototypical example [9] . Recently, first-principles calculations suggested Zn-doped Barlowite [Cu 3 Zn(OH) 6 FBr] as a sibling QSL candidate [10] and subsequent experiments observed promising signals [11, 12] . The two compounds share a similar layered kagome spin lattice formed by S=1/2 Cu 2+ ions. The absence of long-range magnetic order in these kagome magnets, a feature of QSL, preserves down to several tens of mK, despite the fact that the primary nearest neighbor (NN) antiferromagnetic (AFM) interaction is of the order of 10 2 K [9, 11, 12] .
Experimentally, one severe obstacle to clarifying the nature of the QSL ground state is the defect spin dynamics [13] . For example, macroscopic susceptibility measurements on both Herbertsmithite [9] and ZnBarlowite [11] revealed Curie-like divergence at the low temperature overwhelming the intrinsic kagome AFM susceptibility, which is perceived as a consequence of isolated spins from extra Cu 2+ ions between the kagome layers.
Nuclear magnetic resonance (NMR) spectroscopy has played a prominent role in detecting the magnetic order in solids. By detecting the nuclear resonance peaks in presence of an external magnetic field, NMR probes the spin susceptibility via the hyperfine coupling (HFC) between the nuclear spin and the neighboring electronic spins. Since HFC is of short-range, it renders a nuclear site resolution, making it possible to differentiate the resonance of a nucleus in a local environment free of defect from the one situated in a defect-contaminated local environment. One common feature revealed by different NMR measurements is that the intrinsic spin susceptibility in these kagome compounds decreases rapidly at low temperatures, in striking contrast to the macroscopic susceptibility which is dominated by the isolated spins in defected samples. With the persistent improvement of sample qualities, NMR is now possible to address the fundamental theoretical questions -"Is the ground state gapped or gapless?" and "What is the quantum number of the excitations?" Active investigations are underway to reach a consensus of opinion, however, a missing link is how to subtract the background defect signal more accurately at low temperatures. Typically, the NMR peaks are convoluted by defect signals when the temperature goes down, making it tricky to naively identify the peak positions. It is worth noting that the smeared peaks in NMR spectra may come from random spin configurations, such as spin glass or valence bond glass, as well [3] .
The motivation of this Letter is to fill this outstanding gap by quantifying the effect of defects on HFC by first-principles calculations. We note that since (spin) density functional theory (DFT) is practically a singleelectron mean-field approach, it is traditionally perceived that hardly can any useful QSL information be inferred from this method. Interestingly, we realize that HFC represents an ideal property for DFT analysis because of its independence of temperature, magnetic field, and the spin ground state. Accordingly, we conjecture that:
The HFC constants can be derived from DFT calculations subject to a ferromagnetic (FM) reference state, whereas the results are transferable to the general condition.
In this way, the same HFC calculation method as have already been established for conventional spin systems [14] [15] [16] [17] can be applied to QSL candidates without additional complexities. We demonstrate that such calculated HFC constants indeed achieve good consistency with experimental results [ Fig. 1(a) ]. Furthermore, by purposely introducing different types of defects, one can map out the variation of HFC at different nuclear sites [ Fig. 1(b) ], revealing the microscopic origins of defect signals.
METHOD
A free nuclear spin in an external magnetic field (B ext ) exhibits a resonance frequency (f 0 ) due to the Zeeman effect. Embedded in a material, the nuclear resonance frequency will shift to f due to the presence of internal magnetic field (B int ) induced by the electron spins at the nuclear site, which in pristine Herbertsmithite and ZnBarlowite localize on the Cu 2+ ions lying in the kagome planes (See Fig. 2) :
where A hf is the HFC constant and χ S (T ) is the static electron spin susceptibility. We will mainly make comparisons to powder samples, so the scalars in Eq. (1) are considered to be implicitly sample orientation averaged. The Knight shift is defined as
As readily seen, the NMR Knight shift essentially reveals the static spin susceptibility. On the other hand, the static spin susceptibility can also be measured by macroscopic magnetometric methods, which we denote as χ macro S
. Whenever K and χ macro S display a good linear correlation, a common practice to determine A hf experimentally is via the K-χ macro S slope. Microscopically, HFC has two origins [18, 19] . A dipole field that captures the long-range anisotropic interaction:
and the Fermi contact term that takes care of the nonvanishing unpaired electron wavefunction inside the nucleus:
in which µ 0 is the vacuum permeability, g e is the electron g-factor, µ B is the Bohr magnetic moment, ρ s is the electron spin density, and r and R I denote the coordination of electrons and nuclei, respectively. The coefficients are derived in SI units, and the unit of (A dipole hf ) ij and A F ermi hf is Tesla (T ). The commonly-used HFC unit in experiment is kOe/µ B . The conversion is made by normalizing the total spin density such that the magnetic moment of each Cu 2+ is 1 µ B , and by multiplying a factor of 10 to convert T into kOe.
For a powder sample, the crystal orientation is random and the external magnetic field is expected to have an equal probability to align with the three principle axes of (A dipole hf ) ij . We thus evaluate A hf in Eq. (1) ) ij is traceless. Under this approximation, the NMR peak frequency is dictated by the Fermi contact term, while the dipolar term contributes to peak broadening.
Based on the above formulation, the key quantity to calculate A hf is the spin density at the nuclear sites, for which we rely on the numerical implementation in WIEN2K [20] and VASP [21] . While both packages are based on DFT, the former is an all-electron scheme, which is expected to provide the most accurate description around the nucleus; the latter takes advantage of the pseudopotential approach to reduce the computation cost, but is still able to recover the full wavefunction near the nucleus via the projector-augmented-waves method [22, 23] . It is worth mentioning that these packages have successful applications in calculating the HFC of some transition-metal oxides [24, 25] , and extensive benchmark calculations have been performed [26, 27] .
The strong correlation effect of the Cu-3d orbitals is treated by the DFT+U method [28, 29] , which correctly reproduces the insulating charge gap of Herbertsmithite and Zn-Barlowite. We choose an effective interaction strength U = 6 eV following the previous works [30, 31] . A hf does not sensitively depend on this choice, as long as U is within a reasonable range. A test and further computational details can be found in the Supplementary Materials [32] .
RESULTS
The calculated A hf values for different nuclear sites are presented in Fig. 1(a) , in comparison with available experimental data. We focused our calculations and discussions on three kinds of nuclei, namely, Cl (in Herbertsmithite), O (in both compounds), and F(in ZnBarlowite), which are promising NMR probes because they possess stable isotopes ( 35 Cl, 17 O, and 19 F) with nuclear spin (I = 3/2, 5/2, and 1/2 respectively). Practically, these probes, with sensitive response to the radio wave frequency in a moderate magnetic field, have been used in NMR experiments. The overall agreement is very good. In both compounds, A hf at the O site is at least one order of magnitude larger than that at the halogen site because of the shorter Cu-O distance. Not only the magnitude variation but also the sign of A hf is correctly reproduced by our calculation. In Herbertsmithite, A hf at the Cl site is negative, indicating that the nuclear feels a B int opposite to B ext , and thus the larger χ s is, the lower the frequency K s shift will be. We should point out that when A hf is small, e.g. for the Cl and F cases, the spin density tail at the nuclear site becomes extremely low, so one has to expect a relatively larger error using the experimental value A exp hf as a measure. It appears that the all-electron method can always reduce the error slightly compared with the pseudopotential method, but generally the latter has an adequate accuracy. The inevitable presence of defects in real samples should also have contributed to the differences between the experimental and calculated A hf .
We then turn to the defect effects. Considering that the defect simulation is computational demanding, we rely on the less costly pseudopotential method. Three typical types of Cu-Zn defects are created in a large supercell structure: (a) substituting an inter-kagome Zn with Cu (Cu Zn ), which leads to an extra spin site; (b) substituting a kagome Cu with Zn (Zn Cu ), which results in a spin vacancy; and (c) a Cu Zn +Zn Cu antisite pair. Fig. 3(a) that A hf (d) falls sharply back to the defect-free level beyond 2Å. In contrast, for Cl, A hf (d) has a long tail [ Fig. 3(b) ], reflecting a defect-induced long-range perturbation on the electron wavefunction. (ii) the defect effect on O is "classical", whereas that on Cl is "quantum". At the O site closest to the defect, an extra spin (Cu Zn ) results in a larger ρ s (R I ) in Eq. (4), and thus A hf increases; a spin vacancy (Zn Cu ) cuts A hf nearly by half; an antisite pair acts in both ways, depending on the O location. These features are intuitive within a classical picture. In contrast, for Cl, Cu Zn reduces A hf , suggesting that instead of contributing additive spin density, this inter-kagome spin draws spin density away from Cl. In addition, the Zn Cu -induced change of A hf at Cl sites exhibits an oscillation with distance, i.e. at the NN site A hf increases, while at the next NN site A hf decreases. An antisite pair gives rather complicated distribution of A hf [ Fig. 3(d) ]. Figure 4 shows the results of Zn-Barlowite. The behavior of O is very similar to that in Herbertsmithite. Interestingly, F is quite different from Cl. It is clear that F is also a nearsighted probe, and all the simulated defects reduce A hf at the NN F site.
We define the change of A hf (d) from the defect-free Fig. 3 level as a measure of the defect-induced HFC:
where A hf (d → ∞) simply converges to the A hf values calculated in a pristine unit cell. Figure 1(b) summarizes the distribution of A def ect hf (d) with respect to the four nuclear probes. Cl suffers from the largest relative variation, O in between, and F is least affected by the defects.
DISCUSSION
It is understood that the existence of defects perturbs both A hf and χ S in Eq. (2) . Although in general the χ S around different types of defects is still a complicated theoretical issue, Cu Zn represents a relatively simplec case, which is commonly considered as a nearly free spin [33] , and the Knight shift of a probe nucleus affected by this defect has the form:
where C is the Curie constant. The intrinsic Knight shift A hf χ kagome S (T ) is thus split into a spectrum of satellite peaks due to the additional defect term. The number of satellite peaks is dictated by the distribution of A def ect hf (d), and the peak height is proportional to the population of the specific nuclear sites. Depending on the sign of A def ect hf (d), the satellite peaks can undergo either a blueshift or a redshift. The shift grows rapidly as T → 0, because of the Curie behavior of the defect susceptibility. When the frequency resolution is low, these satellite peaks simply merge into a broad envelope, and the defect term is responsible for a temperature-dependent envelope width. In powder samples, the half-height-full-width of the broad NMR envelop indeed displays a Curie behavior, just like χ macro S [33] . Our numerical simulation confirms that O is an excellent probe of the intrinsic kagome physics -the intrinsic A hf is large and the nearsightedness ensures that only a small fraction of O sites is located in an effective magnetic field contaminated by the defects. In contrast, the nonlocal and oscillating A Fig. 1(b) ]. It should be noted that since A def ect hf at F remains negative, an overall redshift of the NMR envelope might occur, especially if the defect concentration is not low enough. A simulated 19 F NMR spectra in FIG. S1 schematically show such broadening features. [32] We would like to mention that the recent 17 O NMR measurement on single-crystal Herbertsmithite [34] clearly resolved two sets of resonance peaks, one from the O sites in defect-free environment and the other from the O sites closest to the defects. The latter roughly experiences a A hf half of the strength of the former, in agreement with the calculated lower bound of A def ect hf as shown in Fig. 1(b) . In our calculation, this half A hf corresponds to the NN O sites around a Zn Cu defect, which has an intuitive explanation as one of the two neighboring Cu ions is missing. This scenario was also presumed in an earlier powder 17 O NMR measurement [35] , but the new single-crystal experiment [34] showed evidence that this half A hf should be assigned to the NN O sites around a Cu Zn defect. The exact type of defects in the samples remains an important question requiring further investigations.
It will be helpful to apply the calculation method demonstrated here to a wider range of frustrated magnets, to examine its general applicability. One open question is that when the spins in a system have drastically different local susceptibility, e.g. Cu ions in the kagome plane vs. those out of the kagome plane, to what extent our conjecture of using a FM reference state still works, and whether there is a better reference state. It also remains to be determined when the spin density around a nuclear site is extremely low, e.g. for F and Cl, generally how accurate the numerical results will be.
Traditionally, quite different from the discovery of other exotic quantum materials, such as topological insulators and semimetals, first-principles method was less involved in the search of QSLs, because rarely their properties could be reliably calculated within the DFT framework. We expect that the HFC predictive potential will simulate broader interests from the DFT community in this rapidly growing field, which in turn may shed some new light into understanding the defect-masked QSL physics.
